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Translating the developmental program encoded in the genome into cellular and morphogenetic
functions requires the deployment of elaborate gene regulatory networks (GRNs). GRNs are especially
crucial at the onset of organ development where a few regulatory signals establish the different
programs required for tissue organization. In the renal system primordium (the pro/mesonephros),
important regulators have been identiﬁed but their hierarchical and regulatory organization is still
elusive. Here, we have performed a detailed analysis of the GRN underlying mouse pro/mesonephros
development. We ﬁnd that a core regulatory subcircuit composed of Pax2/8, Gata3 and Lim1 turns on a
deeper layer of transcriptional regulators while activating effector genes responsible for cell signaling
and tissue organization. Among the genes directly affected by the core components are the key
developmental molecules Nephronectin (Npnt) and Plac8. Hence, the pro/mesonephros GRN links
together several essential genes regulating tissue morphogenesis. This renal GRN sheds new light on
the disease group Congenital Anomalies of the Kidney and Urinary Tract (CAKUT) in that gene mutations
are expected to generate different phenotypic outcomes as a consequence of regulatory network
deﬁciencies rather than threshold effects from single genes.
& 2013 Elsevier Inc. All rights reserved.Introduction
Throughout development, the progressive diversiﬁcation and
differentiation of cells requires a constant reorganization of their
underlying gene regulatory state. This progression is under the
control of gene regulatory networks (GRNs) comprised of transcrip-
tion factors controlling regulatory and effector proteins, ultimately
resulting in the activation of the terminal cellular differentiation
program (Davidson and Erwin, 2006; Davidson, 2010). As such,
GRNs effectively read and execute the developmental program
encoded in the genome and convert it into concrete molecular
machinery regulating cell and tissue organization.
GRNs have been extensively studied in bacteria (Alon, 2007),
Drosophila (Levine and Davidson, 2005) and sea urchin (Davidson,
2009), which are readily amenable to elaborate regulatory network
studies. They have also been characterized in vertebrates, notably
in heart ﬁeld formation (Cripps and Olson, 2002), in mesodermll rights reserved.
T, congenital anomalies of
ived neurotrophic factor;
ouchard).speciﬁcation (Koide et al., 2005) and in haematopoietic stem cell
development (Pimanda and Gottgens, 2010). The comparative
analysis of the GRNs characterized in these systems revealed an
important level of conservation in the topology of the subcircuits
(network motifs) as well as a hierarchical organization of these
subcircuits (Alon, 2007; Davidson, 2010). The gradual deployment
of the developmental program is indeed performed by sequential
activation of GRNs subcircuits, each responsible for the execution of
a precise regulatory task. Subcircuits can be categorized as regula-
tory and effectors to reﬂect the role they play in the hierarchy of
GRN deployment (Davidson, 2010; Davidson and Erwin, 2006).
Among the regulatory subcircuits, kernels are critical evolutionary
conserved units found at the onset organ or structure formation.
The inactivation of any of their components will typically result in
major deﬁciencies in the structure they regulate (Davidson and
Erwin, 2006). Other regulatory units such as “plug-ins” (e.g. signal-
ing pathways) and “on–off switches” linking subcircuits also per-
form an important role as ﬂexible modular units. On the other hand,
effector subcircuits perform cell biology functions such as cell shape
changes or proliferation, while differentiation gene batteries com-
prise the terminal differentiation molecules necessary for the cell to
perform its ultimate role in the organism (Davidson, 2010; Davidson
and Erwin, 2006).
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have been identiﬁed but a clear understanding of the GRNs underlying
the development of this organ system is still lacking. Urogenital
system development is initiated with the formation of the nephric
duct by mesenchymal–epithelial transition and tubulogenesis of
intermediate mesoderm progenitor cells (Bouchard, 2004; Dressler,
2006). Nephric lineage induction is followed by the elongation of the
nephric duct that induces adjacent mesonephric tubules to form the
pro/mesonephros, and ultimately connects to the cloaca (bladder-
urethra primordium) in the caudal part of the embryo trunk. Together,
the transcription factors Pax2 and Pax8 were identiﬁed as necessary
and sufﬁcient for the speciﬁcation of the nephric lineage and
subsequent pro/mesonephros morphogenesis (Bouchard et al., 2002).
In addition to Pax2/8, the transcription factors Gata3 and Lim1 (Lhx1)
are also crucial for pro/mesonephros development, as Gata3 regulates
proliferation, elongation and guidance of the nephric duct (Chia et al.,
2011; Grote et al., 2006), while Lim1 is necessary for nephric duct
elongation and integrity (Kobayashi et al., 2005; Pedersen et al., 2005;
Shawlot and Behringer, 1995). Following nephric duct elongation, the
metanephric (or adult) kidney is induced as a diverticulum of the
nephric duct at the level of the hindlimbs. This crucial event is
regulated by the secreted molecule Gdnf in the mesenchyme, which
signals to the Ret receptor expressed in the nephric duct (Dressler,
2006; Moore et al., 1996; Pichel et al., 1996; Sanchez et al., 1996;
Schuchardt et al., 1994; Schuchardt et al., 1996).
In the past, important transcriptional and signaling regulators
of nephric duct morphogenesis have been identiﬁed but relatively
little is known about their regulatory organization and transcrip-
tional output. However, evidence suggests that these regulators
may be part of a deep regulatory network conducting the different
aspects of nephric duct morphogenesis. Here, we adopt a com-
prehensive approach to characterize the pro/mesonephros regu-
latory network. We ﬁnd that the pro/mesonephros GRN is
composed of a kernel sub-circuit that links to several key effectors
of nephric duct morphogenesis.Materials and methods
Mice
Pax2, Pax8, Gata3, Lim1, Emx2 and Pax2BACGFP mice were bred
on a C3H/HeJ background for at least 6 generations. Genotyping of
these mice has been described previously (Bouchard et al., 2000,
2002, 2005; Grote et al., 2006; Hoyt et al., 1997; Miyamoto et al.,
1997; Shawlot and Behringer, 1995; Yoshida et al., 1997). All in vivo
studies were approved by the Animal Care Committee of McGill
University and strictly follow the guidelines from the Canadian
Council on Animal Care.
Microarray experiments
Microarray experiments for Pax2-regulated genes was reported
previously (Grote et al., 2006) using either Pax2BACGFP;Pax2 / or
Pax2+/+ cells from pro/mesonephros at E9.0–9.5 (13–20S). Brieﬂy,
embryo trunks were dissected and trypsinized. GFP+ cells (repre-
senting the whole pro-mesonephros epithelium) were sorted from
surrounding GFP- trunk cells by ﬂow cytometry. The mRNA
content of the cells was ampliﬁed by two rounds of linear RNA
ampliﬁcation using T7-RNA polymerase recognition sequence
inserted during reverse transcription. Microarray analysis was
done on cDNA microarray slides containing 26,000 expressed
sequence tag (EST) clones from the BMAP and NIA libraries.
Real-time quantitative PCR validation was done on sorted Pax2-
BACGFP;Pax2 / or Pax2+/+ cells at 18–21 somite stage, using
Green-to-go (Biobasic) on Realplex2 PCR machine (Eppendorf).The analysis was done in triplicates (technical) with 3 biological
samples of each genotype. The mouse beta-2 microglobulin (B2M)
gene was used as internal control. The primers used are listed in
Table S3.
Plasmids
Evi1, Npnt, Wfdc2, Id4, Plac8 and Lim1 probes were generated by
RT-PCR using primers described in Table S3 and cloned in the
pGEM-T-easy or pLXSN vector. Murine Pax2 and Gata3 cDNA were
subcloned in pMSCV-HA3-IRES-GFP vector (kindly provided by Dr.
Jerry Pelletier, McGill University). Murine Lim1 was subcloned in
pLXSN-Flag vector.
Luciferase reporter assay
Enhancer sequences were cloned in pGL3-PolA Luciferase
reporter plasmid. Site directed mutagenesis was done by PCR to
generate mutated derivatives. Transcription factor expressing
constructs (either Pax2, Gata3 or Lim1) and the Luciferase reporter
constructs were cotransfected in HEK293T cells with Lipofecta-
mine 2000 (Invitrogen) according to the manufacturer's instruc-
tions. Transient transactivation assays were performed on a
LUMIstar Omega (BMG) using Dual-Glo Luciferase Assay System
(Promega). In all samples the amount of total DNA was kept
constant with pGem4 and pCMV-Renilla vector was included for
transfection efﬁciency.
In situ hybridization
Embryos were dissected at E9.5 and ﬁxed overnight in 4%
paraformaldehyde at 4 1C. In situ hybridization was performed as
described previously (Henrique et al., 1995) on cryosections from
E9.5 embryo with digoxigenin-dUTP RNA probes against Lim1
(Bouchard et al., 2002), Gata3 (Grote et al., 2006), Emx2 (Yoshida
et al., 1997), Pax2 (Bouchard et al., 2002), Pax8 (Bouchard et al.,
2002), Pcdh19 (Gaitan and Bouchard, 2006), Evi1, Npnt, Wfdc2, Id4
and Plac8.
Cell culture and infection
Murine inner medullary collecting duct cells (mIMCD3) (kindly
provided by Dr. Paul Goodyer, McGill University) were cultured in
10% fetal bovine serum DMEM/F12 media (Wisent). Virus produc-
tion was performed in HEK293T cells by cotransfection of pMSCV-
Pax2-HA3-IRES-GFP or pMSCV-Gata3-HA3-IRES-GFP, pVPack-GP
and pVPack-VSV-G vectors (Stratagene). mIMCD3 cells were
infected for 48 h and sorted for GFP expression using a FACSAria
(BD-Bioscience). mIMCD3-Gata3-HA cells were also stably trans-
fected with Lim1-Flag plasmid.
Bioinformatic analysis
Conserved genomic regions between mouse and human were
identiﬁed by alignment of sequences of 50 kb upstream of the
coding regions (ﬁrst ATG) using nBLAST (NCBI). Putative transcrip-
tion factor binding sites were identiﬁed by probing conserved
sequences for the presence of Pax2/5/8, Gata3 and Lim1 consensus
DNA binding sequences using MacVector 8.0. The region covered
was increased in the absence of putative binding sites. The
consensus binding site sequence used are the following: Gata3,
(A/T)GATA(A/G) (Orkin, 1992), Pax2/8, (A/G)N(A/C/T)CANT(C/G)A
(A/T)GCGT(A/G)(A/T)(A/C) allowing three mismatches (Boualia
et al., 2011) and Lim1, the core homeodomain consensus binding
sequence ATTA (Mochizuki et al., 2000).
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Murine inner medullary collecting duct cells (mIMCD3) stably
expressing Pax2-HA, Gata3-HA and Lim1-Flag were cross-linked
with 1% (w/v) formaldehyde for 10 min. The cells were collected
and sonicated to achieve DNA shearing to an average of 200 bp.
The chromatin was pre-cleared with protein G-Agarose beads
(Roche, cat.11243233001) and precipitated overnight with an
anti-HA (Abcam), an anti-Pax2 antibody (Covance PRB-276P,
LN#143834801), an anti-Flag antibody (Sigma) or beads alone as
a negative control. The antibody was retrieved with protein
G-Agarose beads for 2 h. The HA immunoprectitations (Ab or
beads only) were washed 810 min with 1 ml of Buffer I (low
salt: 0.1% SDS, 1% Triton-X, 20 mM Tris–HCl (pH8), 150 mM Nacl),
810 min with 1 ml of Buffer II (high salt: 1% Triton-X, 20 mM
Tris–HCl (pH8), 2 mM EDTA, 500 mM NaCl), 1 with 1 ml of
Buffer III (250 mM LiCl, 1% Igepal, 1 mM EDTA, 1% Na-Desoxycho-
late, 10 mM Tris–HCl (pH8)), 1 with 1 ml of Buffer IV (1 Tris-
EDTA), and de-crosslinked at 65 1C overnight in 150 ml of Buffer V
(1% SDS, 0.1 M NaHCO3). Pax2 immunoprecpitations (Ab and beads
only) were washed 6 with Buffer I, 6 with Buffer II, 1 with
Buffer III, 1 with Buffer IV and de-crosslinked overnight in Buffer
V. The Flag immunoprectitations (Ab and beads only) were washed
with 7 with Buffer I, 8 with Buffer II, 1 with Buffer III, 1
with Buffer IV, and de-crosslinked overnight in Buffer V. The
samples were then treated with proteinase K (0.2 mg/ml) for 1 h
at 55 1C. Chromatin was isolated using the QIAquick PCR puriﬁca-
tion kit (Qiagen cat.28106). Quantitative PCR was performed on a
minimum of 3 independent ChIP samples (biological replicates)
and compared to beads only experimental control. Each sample
and control was analyzed in technical triplicates. Error bars refer
to biological triplicate data derived from the mean of all 3 technicalFig. 1. Genes differentially regulated by Pax2 and expressed in pro/mesonephros tissue. (
as being differentially regulated by Pax2 at 13, 16 and 20 somites, upregulated between 1
Pax2BACGFP mice. Ratios are expressed as control/mutant (Pax2 /), late/early or GFP
microarray results for the genes identiﬁed in (A), using quantitative RT-PCR analysis on
type or mutant for Pax2.triplicates. The qPCR results were accepted between 495%
o105% efﬁciency (E¼1–10(1/slope)). All results were normalized
to an unrelated control region near the FoxO6 gene on chromo-
some 1. The ﬁnal enrichment was calculated as the ratio of
normalized values for antibody over beads only. Primers were
designed around conserved DNA-binding consensus sites and are
listed in Table S2.Results
Pax2 transcriptional proﬁle identiﬁes molecular links to known
kidney developmental regulators
We have previously reported that the transcription factors Pax2
and Pax8 are necessary and sufﬁcient for renal lineage speciﬁca-
tion in the embryo (Bouchard et al., 2002). To better understand
the transcriptional program regulated by Pax2, we reanalyzed the
expression proﬁle of Pax2-deﬁcient pro/mesonephric cells (Grote
et al., 2006). In these experiments, pro/mesonephric cells were
isolated using a BAC transgene expressing GFP under Pax2 control
(Pax2BACGFP) and samples were compared (1) between wild type
and Pax2 mutant embryos at 13, 16 and 20 somite stages,
(2) between GFP-positive pro/mesonephric cells and GFP-
negative trunk cells and (3) between 13 vs. 16 and 13 vs. 20
somite stage pro/mesonephric cells. We placed the emphasis on
genes differentially regulated by Pax2 at the 20 somite stage to
reduce experimental stringency and identify additional differen-
tially expressed genes (Figs. 1 and S1). This analysis identiﬁed a
large proportion of genes involved in transcription and signaling
(Fig. S1; Table S1), supporting a role for Pax2 in the earlyA) Pax2-dependent genes were identiﬁed by cDNA microarray analysis and selected
3 and 16 or 20 somites or speciﬁcally expressed in pro/mesonephros GFP+ tissue of
+/GFP‐. The embryonic stages are deﬁned as somite number(s). (B) Validation of
sorted GFP+ renal cells from 18 to 21 somite stage Pax2BACGFP embryos either wild
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morphogenesis.
A selection for genes positively regulated by Pax2 revealed a
number of transcription factor genes previously reported to play a
role in pro/mesonephros morphogenesis. As these genes represent
nodes in the pro/mesonephros developmental program, we
decided to focus on them for the purpose of primary network
characterization. Among the transcription factors requiring Pax2
function were Gata3 (as previously reported (Grote et al., 2006))
but also Lim1 (Lhx1), Evi1, Id4 (Idb4) and Plac8 (Fig. 1). The latter
was recently identiﬁed as a Pax2-dependent transcriptional regulator
required for renal development in zebraﬁsh (Bedell et al., 2012).
In addition to transcription factors, we examined Pax2-dependent
genes for candidate effectors of pro/mesonephros morphogenesis.
This analysis identiﬁed three genes previously associated with nephric
duct morphogenesis among the best candidates downstream of Pax2,
namely Nephronectin (Npnt), Pcdh19 and Wfdc2 (Fig. 1). Npnt is
speciﬁcally expressed in the nephric duct and acts as a ligand of the
mesenchymal alpha8/beta1 integrin complex (Brandenberger et al.,
2001). Importantly, gene inactivation of either Nephronectin or alpha8
integrin gene (Itga8) results in metanephric kidney agenesis (Linton
et al., 2007). Pcdh19 and Wfdc2 are potential nephric duct regulators
based on their strong expression previously reported in this tissue
(Gaitan and Bouchard, 2006; Hellstrom et al., 2003). Together, these
results identify important regulators of pro/mesonephros develop-
ment requiring Pax2 function for normal expression.
Hierarchical relationship between Pax2/8, Gata3 and Lim1
As the transcriptional proﬁling of Pax2-deﬁcient pro/mesonephros
identiﬁed the key developmental regulators Gata3 and Lim1, we
sought out to clarify the genetic relationship between these factors
in the developing pro/mesonephros. We ﬁrst assessed the expression
of each transcript in wild type embryos by in situ hybridization. As
previously reported, the expression of all three transcription factors
was robust and speciﬁc to the pro/mesonephric epithelium (Fig. 2AFig. 2. Genetic interaction between kidney development regulators. In situ hybridization
embryo sections of the indicated genotypes. The pro/mesonephros expression of both G
other for sustained expression. Pax2 and Pax8 are unaffected by the loss of Gata3 or Limand C) (Bouchard et al., 2002; Grote et al., 2006; Kobayashi et al., 2005;
Miyamoto et al., 1997; Pedersen et al., 2005). Due to functional
redundancy between Pax2 and Pax8 in renal lineage speciﬁcation
(Bouchard et al., 2002), we opted to study the role of Pax genes by
removing an additional allele of Pax8 on a Pax2 null background,
effectively lowering Pax levels further, while still ensuring the forma-
tion and morphogenesis of the pro/mesonephros. The analysis of
Pax2 /;Pax8+/ embryos conﬁrmed the genetic dependency of
Gata3 on Pax gene function and further revealed a complete loss of
Lim1 in Pax-deﬁcient embryos (Fig. 2F). Similarly, upon removal of
Gata3, the expression of Lim1 was strongly reduced, while Pax2
expression remained unchanged (Fig. 2H and I), conﬁrming that
Pax2 acts genetically upstream of these genes. We next analyzed the
expression of Pax2 and Gata3 transcription factors in Lim1-deﬁcient
embryos. Interestingly, Lim1 was found to be required for Gata3, but
not Pax2 expression, (Fig. 2K and L), placing it at a position equivalent
to Gata3 in the transcriptional hierarchy. To validate the presence of
pro/mesonephric duct tissue in the region being investigated, adjacent
sections to all in situ hybridization results described here stained
positive for Pax8 expression (Fig. 2D,G,J and M, data not shown). The
fact that Pax8 was never found affected in these mutant backgrounds
also conﬁrms Pax8 next to Pax2 at the onset of the transcriptional
cascade of pro/mesonephros development.
Together, these results identify a transcriptional cascade
whereby Pax2/8 act upstream of both Gata3 and Lim1, which in
turn require each other's function. From these data, we can deﬁne
the Pax2/8-Gata3-Lim1 group as the core or “kernel” of the renal
primordium gene regulatory network.
The renal primordium kernel regulates a deeper GRN
To study the depth of the renal primordium GRN, we next
assessed the regulation of additional transcription factors with
reported roles in renal development. For this, we focused on
transcriptional regulators identiﬁed among Pax2-regulated genes;
Evi1, whose mutant showmesonephric hypoplasia (Hoyt et al., 1997),for Pax2 (A,H and K), Gata3 (B,E and L), Lim1 (C,F and I), Pax8 (D,G,J and M) on E9.5
ata3 and Lim1 requires Pax2/8 gene function. In turn, Gata3 and Lim1 require each
1.
Fig. 3. Altered expression pattern of transcriptional regulators of renal development. In situ hybridization for Evi1 (A,E,I and M), Id4 (B,F,J and N), Plac8 (C,G,K and O) and
Emx2 (D,H,L and P) on E9.5 embryo sections of the indicated genotypes. Evi1 expression requires Lim1 gene function, while Pax2/8 plays a complementary role in its
regulation. Conversely, Id4 and Plac8 require Pax2/8 and Gata3, whereas Lim1 plays a secondary role. Emx2 expression is lost in Lim1 mutant embryos, reduced in Pax2/8
deﬁcient embryos and unaffected by Gata3 loss.
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Id4, previously shown to be expressed in Xenopus pronephric
development (Liu and Harland, 2003). To expand this analysis, we
included the transcription factor Emx2, another important regulator
of kidney development that was recently shown to cooperate with
Pax2 in pro/mesonephros morphogenesis (Boualia et al., 2011). In situ
hybridization analysis of Evi1 expression in wild type embryos
conﬁrmed a speciﬁc localization of this gene in pro/mesonephric
tissue (Fig. 3A). In contrast, the nephric duct expression of Evi1 was
severely compromised in Pax2 /;Pax8+/ and completely abro-
gated in Lim1 / embryos (Fig. 3E and M) but not signiﬁcantly
affected by Gata3 deﬁciency (Fig. 3I). In Pax2/;Pax8+/ embryos,
the rostral-most region maintained some Evi1 expression (not
shown), likely due to higher levels of Pax8 expression in this region.
The wild type expression of Id4 and Plac8 was strong, and speciﬁc to
the nephric duct (Fig. 3B and C) but greatly reduced in Lim1 /
embryos (Fig. 3N and O) and completely abrogated in the renal
primordium of Pax2/ Pax8+/ and Gata3 / embryos (Fig. 3F,G,J
and K). The analysis of Emx2 expression levels conﬁrmed its down-
regulation in Pax2/8-deﬁcient embryos (Fig. 3H). Strikingly, Emx2
expression was completely lost in Lim1-deﬁcient nephric ducts
(Fig. 3P) but unaffected by Gata3-deﬁciency. Of interest, the expres-
sion of Pax2, Gata3 and Lim1 was found unaffected in Emx2-deﬁcient
embryos at E9.5, conﬁrming the downstream position of this
transcription factor in the renal GRN (Fig. S2).
Together, these results point to a relatively deep structure of
the renal primordium GRN in which the kernel regulates at least
one additional layer of transcriptional regulators of renal primor-
dium development.
Effector gene expression is regulated at different levels of the renal
primordium GRN
Having established the genetic hierarchy within the transcrip-
tional regulators, we wanted to further characterize their outputon potential regulators of the cellular and tissue events necessary
for proper pro/mesonephric development. We focused on Npnt,
Pcdh19, and Wfdc2 three downstream cellular effectors previously
linked to kidney development that were identiﬁed differentially
regulated in Pax2 transcriptional proﬁling analysis.
We ﬁrst conﬁrmed the mesonephric expression of all three
effector genes, which was found speciﬁc to the pro/mesonephros
(Fig. 4A and C) (Gaitan and Bouchard, 2006). Strikingly, Wfdc2
expression was completely lost in Pax2/ Pax8+/ embryos
(Fig. 4E), while Npnt expression levels were strongly reduced
(Fig. 4F), identifying Pax gene requirement for full activation
and/or maintenance of these effectors genes. In contrast, Pcdh19
was not signiﬁcantly affected in Pax2/8-deﬁcient embryos
(Fig. 4D). In Gata3-/- embryos, Npnt and Pcdh19 levels of expression
were only slightly downregulated and Wfdc2 levels stayed unaf-
fected (Fig. 4G–I). As for Lim1/ embryos, the expression of
Pcdh19 and Npnt transcript expression was completely lost (Fig. 4J
and L), while Wfdc2 transcription was still detected (Fig. 4K),
arguing for a critical role of Lim1 for proper Npnt and Pcdh19
expression in the pro/mesonephros.
Together, these results point to a genetic regulation of speciﬁc
effector genes by single core regulators, as well as instances of
coregulation by a combination of core transcriptional regulators.
Noteworthy, the regulation of speciﬁc effector genes occurs at
different levels of the GRN kernel.
Pax2 directly binds the Lim1 and Plac8 regulatory regions
To assess whether the genetic regulatory interactions observed
above are direct or not, we next used a Chromatin Immunopreci-
pitation (ChIP) approach. The number of cells of the renal
primordium being limiting, we turned to the mouse inner collect-
ing duct cell line (mIMCD3). As it is derived from the collecting
duct, this cell line is among the closest possible to nephric duct
cellular fate. Accordingly, it was shown to express endogenous
Fig. 4. Altered expression pattern of cellular effectors of kidney development. In situ hybridization for Pcdh19 (A,D,G and J),Wfdc2 (B,E,H and K) and Npnt (C,F,I and L) on E9.5
embryo sections of the indicated genotypes. Pcdh19 expression is mostly affected by Lim1 deﬁciency. Wfdc2 requires Pax2/8 but not Gata3 or Lim1. Npnt requires Lim1
function, while Pax2/8 and Gata3 play a complementary role.
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revealed very low levels of Gata3 and Lim1 expression (Fig. S3A, C,
D and E; mIMCD3-EV).
To identify Pax2, Gata3 and Lim1 target genes in the same
system, we derived a stable mIMCD3 cell line expressing both HA-
tagged Gata3 and Flag-tagged Lim1, as well as a Pax2-HA mIMCD3
cell line (Fig. S3; mIMCD3-G3HA-L1Flag; mIMCD3-P2HA). As there
was no established target binding sites of Pax2 in renal primor-
dium genes, we ﬁrst created an artiﬁcial positive control by
generating a stable derivative of mIMCD3 Pax2-HA cells harboring
a concatemer of three strong Pax2/5/8 binding sites derived from
the CD19 locus (Kozmik et al., 1992). This stable cell line generated
very robust and reproducible enrichment of more than 10 fold
compared to beads only and was used as positive control in
subsequent experiments (Fig. S4A). ChIP against the endogenous
or HA-Pax2 gave similar results in this cell line.
To establish the direct regulatory role of Pax2, we focused on
the genes Gata3, Lim1, Evi1, Id4, Npnt, Wfdc2 and Plac8. For each of
these genes, putative binding sites conserved between mouse and
human were identiﬁed in genomic regions located within 50 kb of
the translation start site. Each of these sites was tested either by
endogenous Pax2 or Pax2-HA- mediated ChIP. Of those, we could
identify a very strong binding of Pax2 to Lim1 and Plac8 regulatory
regions whereas other genes failed to identify direct DNA-binding
interactions (Fig. 5B D and S4A). The Lim1 locus contained 57
conserved regions, four of which contained conserved putative
Pax2 binding sites (Fig. 5A; P2Lim1-1 to 4). Chromatin immuno-
precipitation identiﬁed the conserved sites P2Lim1-3 and P2Lim1-
4 as robustly bound by Pax2 with an enrichment ratio of 5.5
fold and 13.6 fold compared to control, respectively (Fig. 5B),
whereas sites P2Lim1-1 and P2Lim1-2 failed to show enrichment.To validate further these positive sites we tested the enrichment of
ﬂanking regions less than 300 bp away (P2Lim1-3UP (upstream);
P2Lim1-3D (downstream); P2Lim1-4UP; P2Lim1-4D) which failed
to be enriched by Pax2, re-enforcing the speciﬁcity of P2Lim1-3
and P2Lim1-4 binding sites (Fig. 5B). The bioinformatics analysis of
100 kb upstream and 50 kb downstream of the Plac8 locus
identiﬁed 31 conserved regions, two of which contained putative
Pax2 binding sites (Fig. 5D; P2Plac8-1 and P2Plac8-2). Chromatin
immunoprecipitation identiﬁed only P2Plac8-2 as robustly bound
by Pax2 with an enrichment ratio of 5.2 fold compared to the
control (Fig. 5E). Together, these data point to a direct binding of
Pax2 to Lim1 and Plac8 regulatory regions.
To assess whether the regions bound by Pax2 are in an active
transcriptional state we used the H3K4me1 histone mark. Mono-
methylation of histone H3 on lysine 4 has indeed been used to
identify active enhancer sites in whole genome analyses (Heintz-
man 2009; Visel 2009). As expected, we found that H3K4me1
mark was speciﬁcally enriched in regions bound by Pax2 (P2Lim1-
3, P2Lim1-4, P2Plac8-2) (Fig. 5C and F), demonstrating that these
sites are bona ﬁde enhancers. As expected for this chromatin mark,
the modiﬁcation extended to the immediate neighboring regions
of the bound sites (“UP” and “D” primer pairs) but not to more
distant regions (Fig. 5B and F).
We next determined whether the identiﬁed Pax2 binding sites
located in enhancer sequences were responsive to Pax2. For this, we
cloned the P2Lim1-3, P2Lim1-4 and P2Plac8-2 regions in pGL3-PolA
luciferase reporter vector and generated derivatives with point
mutations in Pax2 consensus binding sites. Co-transfections of the
constructs with a Pax2-expression vector in HEK293T demonstrated
a strong activation by Pax2 that was signiﬁcantly reduced in Pax2
mutant derivatives (Fig. 5G and S8A).
Fig. 5. Direct interaction between Pax2 and downstream regulated genes. (A and D) schematic representation of sequence conservation (thick bars) and Pax2 putative
binding sites (asterisks) in the Lim1 (A) and Plac8 (D) loci. (B and E) Chromatin immunoprecipitation against Pax2 in mIMCD3‐Gata3‐HA‐Lim1‐Flag cells. Regions from the
Lim1 (B) and Plac8 (E) loci containing putative Pax2 binding sites, or either 300 bp upstream (UP) or 300 bp downstream (D) sequences were ampliﬁed by real-time PCR. Data
are expressed as fold enrichment relative to beads only and represent the average of experimental triplicates. (C and F) Chromatin immunoprecipitation against H3K4me1
marks (active enhancer) in the Lim1 (C) and Plac8 (F) loci. (G) Functional analysis of Pax2 binding sites in the Lim1 and Plac8 enhancer regions. The HEK293T cell line was
cotransfected with Pax2 expressing vector and wild type or mutant enhancer constructs. Results are expressed as luciferase activity relative to PolA promoter activity and
represent the average7SD of triplicate of 2 independent experiments. Luciferase reporter activities were normalized to that of an internal control (pCMV-Renilla).
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regulation of Pax2 to active enhancer sites of Lim1 and Plac8.
Gata3 binds the Ret and Lim1 regulatory regions
We next turned to the identiﬁcation of direct Gata3 binding sites
by ChIP. For this, we took advantage of a Gata3 binding site
previously associated with Ret gene expression to use as positivecontrol (G3Ret-2; Fig. 6A and B) (Grote et al., 2006, 2008). Reanalysis
of the Ret locus with the criteria described above identiﬁed a total of
4 putative Gata3 binding sites located in conserved regions. ChIP
analysis on these sites conﬁrmed the binding of Gata3 to G3Ret-2
(2.9 fold enrichment) and further identiﬁed a strong binding of Gata3
to G3Ret-1 (4.0 fold enrichment) (Fig. 6B). These results validate the
ChIP approach for Gata3 binding sites and further support the direct
regulation of Ret by Gata3.
Fig. 6. Gata3 binds Ret and Lim1 regulatory regions. (A and D) schematic representation of sequence conservation (thick bars) and Gata3 putative binding sites (asterisks) in
the Ret (A) and Lim1 (D) loci. (B and E) Chromatin immunoprecipitation against Gata3-HA in mIMCD3‐Gata3‐HA‐Lim1‐Flag cells on regions containing or ﬂanking (300 bp
UP, D) conserved putative binding sites for Gata3 in the Ret (B) and Lim1 (E) loci. (C and F) Chromatin immunoprecipitation against H3K4me1 enhancer marks in the Ret
(C) and Lim1 (F) loci. (G) Luciferase reporter analysis of Gata3 binding sites in the Ret and Lim1 enhancer regions by cotransfection with Gata3 expressing vector as in Fig. 5G.
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genes differentially regulated by Pax2. This analysis identiﬁed a
direct binding of Gata3 to Lim1. Bioinformatic analysis of the Lim1
locus identiﬁed 4 conserved Gata3 consensus binding sites
(Fig. 6D). Of those, one was robustly enriched to 5.0 fold when
compared to control conditions (Fig. 6E). This conserved site lies in
a long 502 bp highly conserved stretch at 7.6 kb upstream of Lim1
translation start site. The analysis of putative Gata3 binding sites
for H3K4Me1 methylation mark conﬁrmed the active state of
the G3-Ret1, G3Ret2 and G3Lim1-1 enhancer regions (Fig. 6C,F).
In addition, the functional analysis of these sites in HEK293T cellsdemonstrated a direct role for Gata3 in the regulation of these
binding sites (Fig. 6G and S8B). Together, these results identify
Lim1 and Ret as direct regulatory targets of Gata3.
Npnt Is a direct regulatory target of Lim1
The genetic regulation experiments determined that Lim1 was
required for the expression of Gata3, Id4, Evi1, Npnt and Pcdh19.
Detailed ChIP analysis of the conserved genomic regions of these
genes positively identiﬁed a direct regulation of Npnt by Lim1.
The bioinformatic analysis of 50 kb upstream of the Npnt locus
Fig. 7. Lim1 is a direct regulator of Npnt expression. (A) Schematic representation
of sequence conservation (thick bars) and Lim1 putative binding sites (asterisks) in
the Npnt locus. (B) Chromatin immunoprecipitation against Lim1-Flag in mIMCD3‐
Gata3‐HA‐Lim1‐Flag cells on regions containing or ﬂanking (300 bp UP, D)
conserved putative binding sites for Lim1 in the Npnt locus. (C) Chromatin
immunoprecipitation against H3K4me1 enhancer mark. (D) Functional analysis of
Lim1 binding sites in the Npnt enhancer sequences by cotransfection with Lim1
expressing vector as in Fig. 5G.
Fig. 8. Model of renal gene regulatory network organization. A core regulatory
subcircuit composed of Pax2/8, Gata3 and Lim1 turns on a deeper layer of
transcriptional regulators composed of developmental molecules, while activating
effector genes which are responsible for cell signaling and tissue organization (see
text for details).
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upstream and 50 kb downstream of the Npnt coding region. In the
15 conserved regions identiﬁed, 7 Lim1 putative binding sites
were identiﬁed (using the generic homeodomain consensus
sequence ATTA) (Mochizuki et al., 2000), 3 of which showed
signiﬁcant enrichment (L1Npnt-1 (2.8 fold), L1Npnt-2 (2.3 fold)
and L1Npnt-3 (3.5 fold)) (Fig. 7A and B). The L1Npnt-1 site is
located 14 kb upstream of the transcriptional start site, while the
L1Npnt-2 and L1Npnt-3 sites are located in the 3′ untranslated
region of Nephronectin (Fig. 7A). ChIP analysis with an anti-
H3K4Me1 antibody successfully ampliﬁed all three Lim1 target
sites in the Npnt locus, indicating that these sites are in an activeenhancer conformation (Fig. 7C). The functional analysis of these
sites further conﬁrmed that Lim1 directly regulates their tran-
scriptional activity (Fig. 7D and S8C).
Together, these ChIP analyses successfully identiﬁed a cis-
regulatory interaction of important renal GRN genes by the three
kernel regulators. The identiﬁcation of speciﬁc cis-regulatory
modules demonstrates the direct role played by kernel regulators
on downstream regulatory and effector genes and allows a ﬁrst
representation of the regulatory genome leading to renal GRN
deployment.Discussion
The early morphogenesis of organ systems is orchestrated by
gene regulatory networks (GRN), which drive cellular organization
and differentiation. In the urogenital system, we have previously
identiﬁed the Pax2/8 and Gata3 transcription factor genes as
crucial regulators of speciﬁcation and morphogenesis at the ear-
liest stages of organ development. We took advantage of these
developmental nodes to elucidate the hierarchical organization of
a ﬁrst gene regulatory network underlying pro/mesonephros
development.
Our results reveal that Pax2/8 and Gata3 form a core or
“kernel” GRN together with the transcription factor Lim1 (Fig. 8).
Whereas the regulation of Gata3 by Pax2/8 was previously
reported (Grote et al., 2006), this study identiﬁed several new
gene interactions, one of which being the direct regulation of Lim1
by Pax2/8 genes. Following activation by Pax2/8, the regulatory
molecules Gata3 and Lim1 maintain each other's expression
(Fig. 8). Once established, this core renal GRN activates the
expression of a deeper layer of gene regulatory molecules as well
as a complex set of effector genes. For the purpose of characteriz-
ing a ﬁrst skeleton of the renal primordium GRN, we concentrated
on downstream genes with a known or presumed role in pro/
mesonephros development. We could thus link the regulatory and
effector genes Evi1, Id4, Npnt, Ret, Wfdc2, Pcdh19 and Plac8 to the
Pax2/8-Gata3-Lim1 core renal GRN (Fig. 8).
Regulatory network of pro/mesonephros development
Gene regulatory “kernels” are deﬁned by a strong interrelation-
ship between evolutionary conserved components of a network
and a critical role of these components for structure formation
(Davidson, 2010; Davidson and Erwin, 2006). They are impervious
to change as a result of high evolutionary pressure applied on the
successful initiation of vital structure/organ development. A num-
ber of evidence support the notion that Pax2/8, Gata3 and Lim1
correspond to this deﬁnition and can therefore be considered as
the “renal primordium GRN kernel”. Our data shows that both
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interdependent for normal expression in the renal primordium.
This close interrelationship is likely to lock the renal fate program
following lineage speciﬁcation by Pax2/8 (Bouchard et al., 2002).
Importantly, each of them plays a different but essential role in
pro/mesonephros development. While Pax2/8 are required for
renal lineage speciﬁcation and survival (Bouchard et al., 2002),
Gata3 is necessary for duct guidance, proliferation control and to
prevent a premature differentiation of nephric duct cells (Chia
et al., 2011; Grote et al., 2008; Grote et al., 2006). As for Lim1, it is
required for nephric duct elongation and integrity (Kobayashi
et al., 2004; Pedersen et al., 2005; Shawlot and Behringer, 1995).
As a consequence, embryos mutant for either of the genes fail to
complete pro/mesonephros development and to initiate adult
(metanephros) kidney development. In addition to this, all four
transcription factors are evolutionary conserved in terms of
expression, function and hierarchy in the renal primordium.
Evidence from chick, Xenopus or zebraﬁsh systems identiﬁed
Pax2 and Pax8 as the earliest factors speciﬁcally expressed in the
renal system (Heller and Brandli, 1999; Krauss et al., 1991; Mauch
et al., 2000; Pfeffer et al., 1998; Puschel et al., 1992), while Gata3
and Lim1 are expressed in the early pronephros (Carroll et al.,
1999; Sheng and Stern, 1999; Wingert and Davidson, 2011).
Functional studies further suggest that these genes have conserved
their regulatory role throughout vertebrate evolution (Bouchard
et al., 2002; Carroll and Vize, 1999; Majumdar et al., 2000).
Interestingly, Pax, Gata and Lim1 factors have been identiﬁed
in other demonstrated or presumed GRN kernels. In the mouse,
Pax2-deﬁcient embryos completely lack kidneys, cochlea and
cerebellum (Torres et al., 1995, 1996). In the mid-hindbrain
boundary organizer, which initiates posterior midbrain and cere-
bellum development, Pax2 was identiﬁed as the primary regula-
tory molecule working upstream of other regulators of the
organizer (Ye et al., 2001). Along the same line, Gata3 acts as a
lineage commitment factor for the Th2 hematopoietic lineage
(Hosoya et al., 2010; Ting et al., 1996) and Lim1 is a crucial player
of head organizer function (Shawlot and Behringer, 1995).
Together, these observations suggest that the transcription factors
involved in the GRN kernel may have functional properties
generally applicable to other kernel subcircuits.
Effectors of the pro/mesonephros GRN
Evidence we have collected here, together with related data
from the literature suggests that the renal GRN is relatively deep.
In immediate response to pro/mesonephros GRN kernel is a wave
of transcriptional regulators and regulatory effectors. Among them
are the transcriptional regulators Evi1, Id4 and Plac8, as well as the
Pax2 regulated gene Emx2 (Boualia et al., 2011). Evi1 deﬁciency
has been associated with mesonephros hypoplasia (Hoyt et al.,
1997), which may reﬂect a role in proliferation control. Id4 is a
member of the inhibitor of differentiation gene family speciﬁcally
expressed in renal tissue (Liu and Harland, 2003). Interestingly, Id
proteins have been shown to bind and inactivate Pax2/5/8 DNA-
binding activity (Roberts et al., 2001). This property raises the
interesting possibility that the activation of Id4 by Pax2 constitutes
a negative feedback loop that serves to modulate the Pax2
transcriptional response.
A similar subcircuit structure has been described for Plac8. This
newly described transcriptional regulator protein is necessary for
glomerular development in zebraﬁsh (Bedell et al., 2012). Inter-
estingly, Plac8 (ponzr1 in zebraﬁsh) also requires Pax2 for normal
expression. In addition, the downregulation of ponzr1 leads to an
upregulation of Pax2, pointing to a negative feedback loop reg-
ulating Pax2 expression levels. Noteworthy, Plac8/ponzr1 appeared
relatively recently during evolution and is therefore part of the“evolutionary dynamic” gene pool. Evolutionary dynamic genes
are thought to provide an additional level of complexity in higher
organisms. Accordingly, ponzr1 morpholino knockdown in zebra-
ﬁsh leads to a pronephros phenotype characteristic of lower
vertebrates (Bedell et al., 2012). The fact that Plac8/ponzr1 expres-
sion and regulation by Pax2 has been conserved between zebraﬁsh
and mammals is consistent with the establishment and main-
tenance of a more sophisticated regulatory subcircuit of renal
development in recent evolution.
Regulation of signaling outputs
We have previously reported that Gata3 is required for Ret
expression in the nephric duct and that this subcircuit is activated
by Pax2 and maintained by Wnt-β-catenin (Grote et al., 2006,
2008). More recently, we have shown that the regulation of Ret by
Gata3 and retinoic acid signaling is necessary for the guidance and
fusion of the nephric duct to the cloaca (Chia et al., 2011). In the
current network analysis, we reinforce the relationship between
Gata3 and Ret by the identiﬁcation of additional direct binding
sites in the Ret regulatory region. In addition to regulating Ret, the
pro/mesonephros GRN kernel indirectly regulates its ligand GDNF
expressed in the metanephric mesenchyme. Our data indeed
identify Nephronectin (Npnt) as a direct target of Lim1 in the
nephric duct. Npnt is the ligand of the alpha8-beta1 integrin
complex (Brandenberger et al., 2001; Morimura et al., 2001).
Together, the Npnt-Alpha8 integrin signaling complex is necessary
for Gdnf expression in the mesenchyme. Accordingly, mouse
mutants for either Npnt or Itga8 (alpha8 integrin gene) fail to
induce metanephric kidney development (Linton et al., 2007;
Muller et al., 1997). Hence the pro/mesonephros GRN regulates
ureter budding in the epithelial (Ret) as well as the mesenchymal
(Gdnf) tissue compartments.
One interesting observation resulting from our analysis is that
effector genes are activated at all levels of the network and not
only as an output to a previously established GRN. For example,
Wfdc2 is exclusively regulated by Pax genes, while Npnt is mostly
affected by loss of Lim1 function. Hence, the core components
perform two parallel functions: (1) they unfold the lineage-speciﬁc
transcriptional program to diversify and reﬁne the transcriptional
response and (2) they activate the lineage-speciﬁc effector and
differentiation genes. We believe that the coordination of both
functions insures a balance between morphogenetic events and
progressive cell differentiation.
A key ﬁnding of our study is the identiﬁcation of direct
interactions between kernel gene components and key regulators
of kidney development. This observation underscores the fact that
gene inactivation phenotypes cannot be taken in isolation but
rather as a series of additive misregulatory events. This may have
direct consequences in the understanding of developmental dis-
eases affecting the kidney and urinary tract. The terminology
Congenital Anomalies of the Kidney and Urinary Tract (CAKUT)
is used to describe a series of developmental defects affecting
kidney and urinary tract development. It is characterized by a high
degree of intra and interfamilial variability (Weber, 2012). This
variability has been proposed to be the result of a threshold effect
for key regulatory molecules such that a given developmental
stage proceeds or fails depending on whether a given gene
function is sufﬁcient or not. In the context of the pro/mesonephros
GRN, we propose that CAKUT variability would be better modeled
as network dynamics deﬁciencies in which the activation, main-
tenance and feedback relations of a number of molecules deter-
mine whether or not a morphogenetic process is completed
successfully. Hence, one expects CAKUT to be caused by a number
of different interrelated GRN members and lead to a spectrum of
possible phenotypes.
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